We argue that the famous Schrödinger's cat paradox must be solved as an internal problem of quantum mechanics (QM), rather than that of a macro-objectification of quantum probabilities. On the basis of our recent model of a one-dimensional completed scattering we develop a macrorealistic ensemble's interpretation of QM, thereby resolving the paradox. We show that Leggett's principles of macroscopic realism must and may be considered as basic principles of QM: the corpuscular properties of a quantum particle need them, and the linear formalism of QM respects them.
Introduction
We analyze here the famous Schrödinger's cat paradox to show that the linear formalism of quantum mechanics (QM), as it stands, contradicts the laws of the macro-world. As is known, the main participants of the paradox are a radioactive nucleus, a vial of a poison gas and the long-suffering cat, all being in an isolated box. It is suggested that just before opening the box the cat is died when the pial is broken; and, in its turn, the pial is broken when the nucleus has decayed. Otherwise, the cat is alive.
Setting the Schrödinger thought experiment, as a quantum-mechanical problem, is usually presented as follows. The nucleus and cat are considered as parts of the compound system 'nucleus+cat' to be in a pure quantum state. Further this state is expressed in terms of the nucleus' and cat's states. For example, let |0 n and |1 n be pure states of the decayed and undecayed nucleus, respectively. Similarly, let |0 c and |1 c be pure states of the died and alive cat, respectively. Then a pure state |Ψ n+c of the 'nucleus+cat' system is written down in the form
where |c 0 | 2 + |c 1 | 2 = 1; |0 n+c = |0 n · |0 c and |1 n+c = |1 n · |1 c . A distinctive feature of the state (1) is that it represents a coherent superposition of macroscopically distinct pure states (CSMDPS). The essence of the paradox associated with this state involves at least three aspects.
(ı) This paradox says that the quantum-mechanical superposition principle seems to contradict the laws of the macro-world. As the state |Ψ n+c is a CSMDPS, the cat, being involved in this quantum state, must be died and alive simultaneously. However, from the viewpoint of the macro-world, this state has no physical sense; at a given instant of time the cat must be in a definite state.
(ıı) This paradox may be treated as a measurement problem. Indeed, in this thought experiment the cat symbolizes, in fact, the pointer of a macroscopic device to measure the final nucleus' state. From this viewpoint, the state (1) implies a nonphysical situation when the pointer (cat) is not in a definite position.
(ııı) This paradox involves the problems of entanglement and nonlocality. By Schrödinger the state of the compound system, written in the form (1) , is an entangled one. The notion of entanglement is aimed here to symbolize a novel, purely quantum type of relationship between the participants of the paradox, which is not reduced to interaction. However, the nature of such entanglement is vague. It is not occasional that it leads to quantum nonlocality (see, e.g., [1] ). Both -entanglement and nonlocalitycause QM to controversy with classical physics.
In our opinion, an important step in revealing the basis needed for solving the Schrödinger's cat paradox has been made by Leggett. In [2, 3] he put forward the principles of macroscopic realism, which must underlie any macrorealistic theory:
(1) Macrorealism per se. A macroscopic object which has available to it two or more macroscopically distinct states is at any given time in a definite one of those states.
(2) Non-invasive measurability. It is possible in principle to determine which of these states the system is in without any effect on the state itself or on the subsequent system dynamics.
(3) Induction. The properties of ensembles are determined exclusively by initial conditions.
The fundamental problem of the modern physics is that QM, as it stands, is not a macrorealistic theory. Therefore the problem posed by Schrödinger is usually treated as that of a macro-objectification of quantum probabilities. In practice, solving this problem to appear for CSMDPSs is usually associated with suppressing the interference between constituents of such states.
The decoherence program of resolving the Schrödinger's cat paradox
The most prominent attempts to resolve the paradox have been made within the so called decoherence program (see the review [4] ). The mathematical models elaborated within this program are different in many respects. However, all they consider decoherence as a necessary element to ensure the transformation of quantum probabilities into classical ones: its role is to suppress the interference between time-dependent macroscopically distinct states to be coherent initially.
Deep analyses of the problems to arise within the program, from the theoretical and experimental points of view, are presented in [4, 5, 2] and also in [6, 7, 8, 9, 10, 11, 12, 13] . Nevertheless, in order to outline the motives to underlie our approach to the Schrödinger's cat paradox, we have to dwell shortly on some aspects of the decoherence program, as well as on some aspects of the above setting of the thought experiment.
(1) From our point of view, introducing any decoherence-creating mechanism (e.g., a localization process, environment or observer) into the model of the Schrödinger thought experiment is unacceptable in principle. Otherwise, in addition to the nucleus and cat, it appears a new "actor" to distort setting the experiment.
By the decoherence program, the main role of this "actor" is to force the cat to be in a definite state. However, the main feature of decoherence is that the larger the system, the more effective is decoherence (see, e.g., [4, 5] ). The influence of this "actor" on the nucleus is supposed to be infinitesimal. However, the cat's fate depends now essentially on the "will" of this "actor". Figuratively speaking, the decoherence mechanism may kill (or revive, when the nucleus has already been decayed) the cat. This is evident to contradict setting the Schrödinger thought experiment.
(2) Another shortcoming of the decoherence program is the suggestion that the problem posed by the paradox concerns only macro-objects. We have to stress that like the cat the nucleus cannot simultaneously be decayed and undecayed. After decaying of the radioactive nucleus we have at least two fragments of less mass, i.e., the undecayed nucleus and decayed one are simply different objects.
(3) Besides, the decoherence program pays no heed to the ambiguity of the nature of entanglement in the Schrödinger thought experiment. A simple analysis shows that the expression (1) for the state of the compound system (nucleus+cat) contradicts the initial setting of the problem. By this setting the nucleus' fate must not depend on the cat's fate. However, in (1) the nucleus and cat are presented equally. Within the decoherence program, this expression allows a nonphysical scenario, in which the above "actor" kills the long-suffering cat and thereby forces the nucleus to decay.
Undoubtedly, the decoherence program constitutes an important part of the modern physics, for it may serve as the basis for studying the influence of environment on systems, when this influence is indeed essential. However, the problem posed by the Schrödinger's cat paradox must be solved beyond this program.
Macrorealistic ensemble's interpretation of quantum mechanics

The Schrödinger's cat paradox as an internal quantum-mechanical problem
In solving the paradox we have to proceed from the fact that the nucleus-cat relationship is purely causal, and hence the cat is in a definite state when the nucleus does. So that the problem to arise in the thought experiment is not that of macro-objectification of quantum probabilities. It must be solved for micro-objects, as an internal problem of QM.
In our approach we consider setting the Schrödinger thought experiment where the role of a radioactive nucleus is played by a particle scattering on a one-dimensional (1D) potential barrier. We suggest that the cat remains alive when the particle is reflected by the barrier; otherwise, when the particle is transmitted, it is died. Now, instead of the states |0 n and |1 n , we have to consider the states of a transmitted and reflected particle. Let us denote them as |Ψ end tr and |Ψ end ref , respectively. Then, a pure state |Ψ p+c of the 'particle+cat' system, written by analogy with (1), is
It is evident that the state (2) is a CSMDPS, like (1): again, the problem is that a single particle cannot be simultaneously transmitted and reflected by the barrier. So that the original setting of the paradox is not distorted in this case. At the same time the very problem of a 1D completed scattering is much simpler than that of a decaying radioactive nucleus.
In line with the above reasoning, to clarify the cat's fate, we have to trace the fate of a scattering particle whose quantum "trajectory" is finished at the "point" |Ψ 
Quantum mechanics and principles of macroscopic realism
Our resolution of the paradox rests on three "whales": (1) the ensemble's interpretation of QM [14, 15] (since the ability of QM to predict and its experimental verification concern namely quantum ensembles); (2) Leggett's principles of the macroscopic realism [2, 3] ; and (3) our model of a 1D completed scattering [16, 17] .
There is a viewpoint (see [6, 14] ) that the Schrödinger's cat paradox does not appear within the ensemble's interpretation, because QM in this case is simply a device for calculating probabilities. As is said in [2] : ". . . in the statistical interpretation, . . . the amplitudes [of probability waves] correspond to nothing in the physical world."
However, in our opinion, this is not the case. Yes, the notion of state reduction is not needed in this interpretation. And there is no need here to invoke decoherence to resolve the paradox. However, the above "resolution" should be considered rather as a departure from solving the problem. Just because of ignoring physical aspects of CSMDPSs this "device", as it stands, fails in treating such states. For example, it is evident that, for the state |Ψ end f ull , it is meaningless to calculate the expectation values even for the particle's position and momentum. In this case Born's rule does not give the most probable values of these one-particle physical quantities.
What is at the bottom of this strange situation? By QM, Born's rule must be valid for any one-particle wave function, including CSMDPSs. However, as was said above, a particle cannot simultaneously be transmitted and reflected by the barrier. Averaging over the whole ensemble of scattered particles is a physically meaningless step. The corpuscular properties of a particle require that the state vector |Ψ end f ull must be the quantum counterpart of two classical one-particle states, rather than one. Accordingly, the quantum "trajectory" ended at the "point" |Ψ end f ull must be associated with two classical trajectories.
All the above means that the problem to arise for a scattering particle calls for revising the concept of the wave-particle duality. To respect the corpuscular properties of a quantum particle, it must be based on the principles of macroscopic realism.
These principles are evident to forbid the averaging over the state |Ψ end tr + |Ψ end ref . By them, in the problem considered, QM must also provide a rule for decomposing the whole ensemble of particles into two subensembles (for transmission and reflection) with the fix number of particles, at all stages of scattering. These principles imply that only the subensembles to describe, in this process, two macroscopically definite scattering channels may be endowed with one-particle observables.
In connection with this, our next step is to show that the recent model of a 1D completed scattering (see [16, 17] ), based entirely on the linear formalism of QM, obeys Leggett's principles.
The superposition principle and continuity equation
Note that the model [16, 17] deals with a particle of mass m to impinge, from the left, a symmetric potential barrier localized in the finite spatial region. Let Ψ f ull (x; E) be the wave function to describe the whole ensemble of identical particles with energy E: to the left of the barrier Ψ f ull (x; E) = exp(ikx) + A As is shown in [16] , Ψ f ull (x; E) can be uniquely presented in the form,
where Ψ tr (x; E) and Ψ ref ( And wave packets formed from the odd solutions are also equal to zero at this point, at any value of t. This means that particles to impinge the barrier from the left do not enter the region x > x c , i.e., there are only transmitted particles in this region.
However, we have to stress that both the functions, Ψ tr (x; E) and Ψ ref (x; E), contain the terms to describe particles impinging the barrier from the right, which disappear due to interference in the superposition (3). As a result, in this superposition, particles to impinge the barrier from the left and then to be reflected (transmitted) by its are described by the function ψ ref (x; E) (ψ tr (x; E)) where
As is seen, the first derivatives on x of the functions ψ tr (x; E) and ψ ref (x; E) are discontinuous at the point x c . Thus, either function violates the Schrödinger equation. However, we have to stress that their sum obeys this equation. Moreover, either is everywhere continuous and obeys the continuity equation. The same holds for wave packets formed from these functions.
Let Ψ f ull (x, t) be a solution of the time-dependent Schrödinger equation for a given initial condition. Let also Ψ tr (x, t) and Ψ ref (x, t) be the corresponding solutions formed from Ψ tr (x; E) and Ψ ref (x; E), respectively. Besides, let ψ tr (x, t) and ψ ref (x, t) be wave packets formed from ψ tr (x; E) and ψ ref (x; E), respectively. Then we have
By the model [16] , they are the wave packets ψ tr (x, t) and ψ ref (x, t) that describe the time evolution of the (to-be-)transmitted and (to-be-)reflected subensembles of particles at all stages of scattering. Like ψ tr (x; E) and ψ ref (x; E), they are not solutions to the Schrödinger equation for a given semi-transparent potential. As the transmission and reflection are inseparable sub-processes of a 1D completed scattering, for this potential.
These two wave packets to describe these sub-processes are inseparable from each other, too. In other words, they are entangled in the superposition (7) .
Note, the wave fields ψ tr (x, t) and ψ ref (x, t) are as real as their superposition Ψ f ull (x, t). In addition to the fact that their sum obeys the Schrödinger equation, either is everywhere continuous and obeys the continuity equation. (Note, this equation is, to some respect, the quintessence of the Schrödinger one. For example, it unifies the probability waves with the electromagnetic waves to obey the continuity equation too.)
As is seen, in the case of the CSMDPS the superposition principle quite respects the nonlinear continuity equation: all three functions to enter the relation (7) obey this equation. Besides, for any value of t the scalar product ψ tr (x, t)|ψ ref (x, t) is a purely imagine value to diminish when t → ∞. In this case
where
T and R are the transmission and reflection coefficients, respectively.
Physical quantities for sub-processes and non-demolishing measurement
So, ψ tr (x, t) and ψ ref (x, t) to describe transmission and reflection obey the continuity equation, but violate the Schrödinger equation. This means that all physical quantities which can be assigned to either sub-process must be expressed in terms of the corresponding probability current density or/and probability density to enter this equation. The same concerns their characteristic times.
In particular, for a particle with a given energy, the only tunneling time concept to obey the above requirement is the dwell time (see ([17] ). It is important to stress that, unlike the previous definition of the characteristic time (introduced for the whole ensemble of particles (see [18] )), ours do not predict the Hartman effect (superluminal tunneling a particle through wide potential barriers). This result has been in the focus of debates up to now (see [19] ).
As regards the time-dependent transmission and reflection, either is characterized by the Larmor time. As is shown in [17] , this quantity represents the average value of the corresponding dwell time. Of importance is that for either sub-process this characteristic time can be measured with the help of a non-demolishing, Larmor-clock procedure.
As is known [18] , this procedure is applied to a 1/2-spin particle. It implies switching on the infinitesimal magnetic field in the barrier region. Then the angle of the Larmor precession of the average particle's spin is measured separately for transmitted and reflected subensembles of particles, well after the scattering event. That is, in this procedure the average particle's spin serves as a clock-pointer. It is evident that experimental data obtained for transmission (reflection) are not affected by another subprocess, under such conditions. For waves do not influence each other, being superposed; and all measurement are carried out when there is no interference between ψ tr (x, t) and ψ ref (x, t).
As regards Born's rule, in the problem at hand, it is inapplicable both for the whole ensemble of scattering particles and for its subensembles. This means, in particular, that for a 1D completed scattering the concept of the group time has no physical sense, as it demands the knowledge of the average particle's position and momentum.
Conclusion
So, we have shown that Leggett's principles of macroscopic realism must and may be considered as basic principles of QM: the corpuscular properties of a quantum particle need them, and the linear formalism of QM respects them. On the basis of our model of a 1D completed scattering we develop a macrorealistic ensemble's interpretation of QM, thereby resolving the Schrödinger's cat paradox.
We question the notion of entanglement introduced in this paradox as a novel, purely quantum type of relationship between the participants of the paradox, irreducible to interaction. Our analysis of the paradox, with the cat and scattering particle, shows that such an entanglement is rather artifact of the incorrect presentation of the state of the compound system, in terms of states of its constituents -particle and cat. In our approach, entanglement (or, nonseparability), as a purely quantum phenomenon, is associated with the sub-processes -transmission and reflection.
